Abstract We analyze the long-term lightcurve of 3C 454.3 observed with Fermi/LAT and investigate its relation to the flux in the radio, optical, and X-ray bands. By fitting the 1-day binned GeV lightcurve with multiple Gaussian function (MGF), we propose that the typical variability timescale in the GeV band is 1-10 days. The GeV flux variation is accompanied by the spectral variation characterized as flux-tracking, i.e., "harder when brighter". The GeV flux is correlated with the optical and X-ray fluxes, and a weak correlation between γ-ray flux and radio flux is also observed. The γ-ray flux is not correlated with the optical linear polarization degree for the global lightcurves, but they show a correlation for the lightcurves before MJD 56000. The power density spectrum of the global lightcurve shows an obvious turnover at ∼ 7.7 days, which may indicate a typical variability timescale of 3C 454.3 in the γ-ray band. This is also consistent with the derived timescales by fitting the global lightcurve with MGF. The spectral evolution and an increase of the optical linear polarization degree along with the increase of the γ-ray flux may indicate that the radiation particles are accelerated and the magnetic field is ordered by the shock processes during the outbursts. In addition, the nature of 3C 454.3 may be consistent with the self-organized criticality system, similar to Sagittarius A * , and thus the outbursts are from plasmoid ejections driven by magnetic reconnection. This may further support the idea that the jet radiation regions are magnetized.
INTRODUCTION
Variabilities in multi-wavelength with timescales from one year to several hours, even as short as a few et al. 2010; Aleksić et al. 2011; Arlen et al. 2013; Liao et al. 2016; Hong et al. 2017) . The physical origin of the variability is still debated. The variability may be related with the activities of central engine, e.g., newly-emerging component (Arlen et al. 2013; Jorstad et al. 2013) , or the change of jet physical property, e.g., the variations of Lorenz factors and particle acceleration mechanisms (Villata et al. 2007; Raiteri et al 2011; Nalewajko 2013; Zhu et al. 2016) , or the geometric mechanism, e.g., the fractal helical structure jets , or an emission blob smaller than the jet cross section, e.g., 'jet-in-jet' or spine-layer model (e.g., Ghisellini & Tavecchio 2008; Chen 2017) . The quasi-periodic oscillation (QPO), such as the 12-year QPO in OJ 287 was proposed due to a binary system of supermassive black holes in the center (Sillanpaa et al. 1988 (Sillanpaa et al. , 1996 Lehto & Valtonen 1996) .
The flux variation is always accompanied with the spectral variation. This may shed light on the particle acceleration and the properties of the radiation regions. The observed relations between spectral index and flux in blazars are diverse. Cui (2004) reported that the spectral evolution behaviors of Mrk 421 in the X-ray band are very complex and different during different flares. An increase of the synchrotron peak flux along with the increase of its peak position is observed in Mrk 421 and the other four TeV BL Lacs (PKS 0548-322, 1H 1426+418, Mrk 501 and 1ES 1959+650, Massaro et al. 2008 Tramacere et al. 2009 ), and the similar feature has also been reported in the multiwavelength radiation mechanism research of blazars (Zhang et al. 2012 (Zhang et al. , 2013 . However, Nalewajko (2013) did not find a uniform feature of the spectral variation in the GeV band with a sample of 40 brightest γ-ray flares observed by Fermi/LAT. 3C 454.3 is one of the most active blazars in multi-wavelengthes from the radio to the γ-ray bands Jorstad et al. 2010 Jorstad et al. , 2013 Raiteri et al. 2011; Wehrle et al. 2012; Britto et al. 2016 ).
An extraordinary outburst at the γ-ray band in 2009 December was observed with Fermi/LAT, which makes 3C 454.3 to be the brightest γ-ray source in the sky for over one week, and since then several brighter outbursts in the γ-ray band were detected by Fermi/LAT Pacciani et al. 2014; Britto et al. 2016) . By observing the parsec-scale (pc) jet in 3C 454.3 with the Very Long Baseline Array (VLBA) during its pronounced flaring in 2005 , Jorstad et al. (2010 suggested that a superluminal knot emerges from the core, which yields a series of optical and high-energy outbursts. The similar phenomenon was observed again in 3C 454.3 during its γ-ray outbursts in 2009 and 2010 (Jorstad et al. 2013 ). These factors may imply that the variability of 3C 454.3 is connected with its central engine activities.
In this paper, we dedicate to present a comprehensive analysis on the GeV emission of 3C 454.3 with the Fermi/LAT observation data and investigate its relation to the emission in X-ray, optical and radio bands. The reduction of the Fermi/LAT data is given in Section 2. Variability behaviors in the GeV band are described in Section 3. Using the well-sampled observation data of Fermi/LAT, we investigate the spectral evolution in the GeV band in Section 4. The cross-correlation analysis of variability among multiple wavelength lightcurves is presented in Section 5. A discussion and summary are reported in Section 6 and Section 7, respectively.
FERMI/LAT DATA REDUCTION
The data observed with Fermi/LAT (Pass 8 data) from 2008 August 6 (Modified Julian Day, MJD 54684) to 7.5 years. Our data analysis is performed with the standard analysis tool gtlike/pyLikelihood, which is part of the Fermi Science Tools software package 1 (ver. v10r0p5) . The P8R2-SOURCE-V6 set of instrument response functions (IRFs) was used.
Photons with energies from 0.1 to 200 GeV were taken into account for our analysis. The significance of the γ-ray signal from the source is evaluated with the maximum-likelihood test statistic (TS), where the events with TS ≥ 21 were taken. They are selected from the region of interest (ROI) with radius of 10 • , centered at the position of 3C 454.3. The Galactic longitude and latitude are 86.1
• and −38.2 • , respectively.
The isotropic background, including the sum of residual instrumental background and extragalactic diffuse γ-ray background, was fitted with a model derived from the isotropic background at high Galactic latitude, i.e., "iso-P8R2-SOURCE-V6-v06.txt", and the Galactic diffuse GeV emission was modeled with "gll-iemv06.fits" 2 . In order to eliminate the contamination from the γ-ray-bright Earth limb, the events with zenith angle 100
• were excluded.
A power-law spectral model is used to fit the observed spectrum in each time bin with an unbinned maximum likelihood method, i.e.,
where Γ is the photon spectral index for the events in the energy band between E min (0.1 GeV) and E max (200 GeV).
VARIABILITY IN THE GEV BAND
Figure 1(a) shows the derived LAT lightcurve of 3C 454.3 in a time bin of 1 day. Note that no observational data with TS ≥ 21 are available in the time intervals from MJD 54797 to MJD 54939 and from MJD 55758 to MJD 56228. One can observe that 3C 454.3 experienced several violent outbursts in the γ-ray band during the past ∼8 years. An extremely bright flare is observed with the highest luminosity of 1.60 ± 0.06 × 10 50 erg s −1 on 20 November 2010 (MJD 55520), which sets up at ∼ MJD 55478 and returns to the quiet state at ∼ MJD 55594, lasting more than three months with other three obvious flare peaks.
Giant outbursts are composed of many flares. We divide the global GeV lightcurve into 14 outburst
episodes in order to demonstrate these flares. We do not adopt a rigid criterion to select each episode. It usually starts at a time when the flux goes up from a baseline and ends at a time when the flux goes down to the baseline. Each episode is composed of several pulses. We fit the lightcurve of each episode with multiple Gaussian functions. Our results are shown in Figure 2 . The global lightcurve during the 7.5 years in the γ-ray band is fitted with 236 Gaussian components, corresponding 236 flares. We calculate the full width at half maximum (FWHM), the peak luminosity (L peak ), the total radiation energy (E γ ) of each flare, where E γ is derived by the integrating emission in the duration of each Gaussian component in the 0.1-200
GeV energy band. The results are listed in Table 1 .
On the basis of the flare-finding with the Gaussian-fitting method, we also find that the GeV lightcurves in some episodes are composed of two components, spiked flares with short-timescale and broad flares with long-timescale, as shown in Figure 2 . Most flares are the spike flares. The FWHM values of the broad components are usually tens days and they are dimmer than the spiked flares. It is possible that the two components are from the different radiation regions.
The distributions of FWHM, L peak , and E γ are shown in Figure 3 . It is found that the FWHM values range from ∼1 day to ∼25 days, clustered at 2-5 days. Although the time-bin selection effect (1-day in this analysis) may lead a bias on the intrinsic FWHM distribution, it still indicates that the timescales of the GeV flares should be several days. (Lomb 1976; Scarle 1982) . The PDS curve is shown in Figure 4 . We use a broken powerlaw function to fit the PDS curve of 3C 454.3, and the posterior probability density of the parameters of the model is derived by a Bayesian Markov chain Monte Carlo technique (Vaughan 2010) . The derived turnover is at ∼ 7.7 days, which may correspond to a typical variability timescale of 3C 454.3 in the GeV band. This is roughly consistent with the FWHM distribution.
CORRELATIONS BETWEEN SPECTRAL INDEX AND FLUX VARIATIONS
Spectral index and flux variation may shed light on the particle acceleration and radiation physics. We also study the correlation and possible lag behavior between L γ and Γ in each outburst episode using the discrete cross-correlation function (DCF, Edelson & Krolik 1988) . The results of the DCF analysis are presented in the right panels of Figure 5 . The correlation between L γ and Γ for 28 outbursts is significant over the 95% confidence level, and except for the outburst episodes 5 (10 days), 6 (-1 days), 8 (5 days), no lag behavior is found in other outburst episodes.
Note that the above analysis is on the basis of the one-day binning lightcurves. The fast variabilities on timescale of hours (even shorter) had been reported for 3C 454.3 (Abdo et al. 2011; Britto et al. 2016 ).
Therefore, we also re-analyze the two outbursts that have a peak luminosity L γ > 5 × 10 49 erg s −1 in Figure 1 (a) by using a time-bin of 3-hour. As illustrated in Figure 6 , the statistical correlations between L γ and Γ are still presented during the fast flares (see also Abdo et al. 2011; Britto et al. 2016) . The
Pearson correlation analysis yields r = 0.59 in a chance probability of p = 3.1 × 10 −5 and r = 0.76 with p = 6.0 × 10 −9 for the two flares, respectively. And no lag behavior is found in the DCF analysis. These facts may imply that the behavior of "harder when brighter" is an intrinsic property of this source, which is independent of the time-bin size of analysis.
CORRELATIONS OF EMISSION BETWEEN γ-RAY AND OTHER ENERGY BANDS
The long-term simultaneously observed lightcurves of 3C 454.3 in X-ray, optical, and radio 43
GHz, as well as the polarization data are shown in Figure 7 , which are taken from the web "http://www.bu.edu/blazars/VLBAproject.html"; the X-ray data were from the Swift satellite. the optical photometric and polarization data were obtained with the 1.8 m Perkins Telescope of Lowell Observatory, which are not corrected for the galactic extinction. the 43 GHz data were taken from the VLBA observations. The radio data at 15 GHz that were obtained by the Owens Valley Radio Observatory (OVRO, http://www.astro.caltech.edu/ovroblazars/ ) 40 m radio telescope (Richards et al. 2011 ) are also given in Figure 7 . The OVRO supports an ongoing blazar monitoring program of Fermi satellite.
As illustrated in Figure 7 , 3C 454.3 shows the significant flux variation in the multiple wavelength. It was reported that its gamma-ray outbursts are usually accompanied by the flux variations in low-energy bands (e.g., Jorstad et al. 2013; Wehrle et al. 2012 ). In addition, its flux variation in the gamma-ray band is also observed to be correlated with the variation of the optical polarization (Jorstad et al. 2010 (Jorstad et al. , 2013 . We make the DCF analysis of variability between γ-ray and other energy bands using the long-term lightcurves in multiple wavelength, as shown in Figure 8 . The DCF results are calculated using the logarithm of the flux, which is less dominated by the high flux values (see also Ackermann et al. 2010) . Note that no observational data are available from MJD 55758 to MJD 56228 at the gamma-ray band and there is a very large outburst at ∼ MJD 55520, hence we divide the global lightcurves into two segments with MJD 56000, and then we also calculate the DCF results for the two segments among multiwavelength, respectively. The results are also given in Figure 8 . It is found that the gamma-ray flux is correlated with the fluxes in the R-band and X-ray band, and is weakly correlated with the radio flux. No clear correlation between the gamma-ray lightcurves, but they are correlated during the first segment lightcurves, which is consistent with the reported results in Jorstad et al. (2010 Jorstad et al. ( , 2013 .
DISCUSSION
Several models have been proposed to explain the origin of the erratic outbursts observed in blazars. 3C
454.3 with the significant spectral and flux variations should be the best candidate to study this issue. 3C
454.3 is a typical FSRQ and its jet orientation should point to the line of sight. It was suggested that the outbursts with different brightness may be due to a helical jet , in which blobs move at different angles to the line of sight leading to different Doppler boosting effect on the observed photons (e.g., Villata et al. 2007; Jorstad et al. 2013 ). As we show here that the variation of gamma-ray flux is accompanied by the variations of spectral index and optical polarization degree. These facts cannot be simply explained with the Doppler effect.
Several observations have revealed that the optical and gamma-ray outbursts of 3C 454.3 show a connection with a superluminal knot through the core (Jorstad et al. 2010 (Jorstad et al. , 2013 . It is possible that the central engine of 3C 454.3 intermittently ejects the sequential blobs with different velocities, which induce multiple collisions and a series of outbursts, i.e., the complex lightcurves that are produced by superpositions of many flares with different timescales. The correlation between gamma-ray flux and optical linear polarization degree indicates that the gamma-ray emission is produced in a region with ordering magnetic field.
It may imply that the radiation regime of this FSRQ is highly magnetized (e.g., Zhang et al. 2014 ). Zhang & Yan (2011) proposed an internal-collision-induced magnetic reconnection and turbulence (ICMART) process to explain the prompt emission of gamma-ray bursts. This model suggests that the Poynting flux energy is converted to the energies of electrons and protons efficiently and the prompt emission is due to the synchrotron radiation of these electrons. This scenario may be consistent with the observed correlations between gamma-ray flux and optical linear polarization degree as well as the spectral index.
In addition, the typical variability timescale in the gamma-ray band derived in our analysis is several days. The timescales of the order of 1 day or longer should be interpreted as the typical timescales of successive flare events, which may be due to the collisions of blobs in the internal shock, as discussed by Kataoka et al. (2001) for X-ray data of three BL Lacs. Nakagawa & Mori (2013) also reported that the four-year lightcurve at the GeV band of 3C 454.3 shows a specific timescale of 6.8 × 10 5 s, and this value suggests a black hole mass of 10 8 -10 10 M ⊙ within the framework of the internal shock models. Therefore, the magnetized shells with different velocities ejected by the central engine may collide and induce an ICMART process to accelerate the radiation particles in 3C 454.3.
Cross comparisons of the statistical properties for 3C 454.3 with other sources may give clues to the nature of these flare. Neilsen et al. (2013 Neilsen et al. ( , 2015 analyzed the X-ray flares of Sagittarius A * and found that the cumulative distributions of the duration, luminosity, and energy of the X-ray flares can be described by a power-law function, with indices of α T = 0.9 ± 0.2, α L = 1.9
+0.4 −0.3 , and α E = 1.5 ± 0.2, respectively. Li et al. (2015) got the similar results via a simulation analysis and suggested that these results are consistent with the theoretical prediction of the self-organized criticality (SOC) system with the spatial dimension S=3 driven by magnetic reconnection (similar to the solar flares) in the accretion flow onto the black hole. We made the similar analysis to the γ-ray flares of 3C 454.3, as shown in Figure 9 . We get α E = 1.46 ± 0.02, α L = 1.54 ± 0.08, and α T = 2.28 ± 0.05 (duration time defined as four times of FWHM), respectively.
The derived α E and α L are roughly consistent with that of the X-ray flares in Sagittarius A * , but α T is much larger than that of the X-ray flares in Sagittarius A * . Based on the Gaussian flare profile assumption as we adopt in this paper, Li et al. (2015) obtained α T > 2.1 for the X-ray flares in Sagittarius A * . Wang et al. (2015) analyzed the detected sample of Neilsen et al. (2013) with a different selection of the fitting data ranges and found α T = 1.9 ± 0.5. These results are consistent with ours, and thus the nature of 3C
454.3 may be also consistent with the SOC system, similar to Sagittarius A * . Therefore, the GeV flares of 3C 454.3 may also from the plasmoid ejections driven by magnetic reconnection. This further supports the idea that the jet radiation regions of FSRQs may be highly magnetized (e.g., Zhang 2014 Zhang , 2015 .
SUMMARY
We have analyzed the γ-ray long-term lightcurve observed with Fermi/LAT, and collected the simultaneous lightcurves in the radio, optical and X-ray bands of 3C 454.3 from literature. Our results are summarized below.
-The flux variation of 3C 454.3 in the γ-ray band is correlated with the flux variation in the R-band and X-ray band, and a weak correlation between gamma-ray flux and radio flux is also observed, indicating that the radiations at these energy bands are co-spatial.
-The PDS of the global lightcurve in the γ-ray band is fitted with a broken power-law and yields an obvious turnover at ∼ 7.7 days, which may indicate a typical variability timescale of 3C 454.3 in the γ-ray band.
-The spectral evolutions accompanying the flux variations in the γ-ray band are observed, showing the behavior of "harder when brighter".
-The spectral evolution and an increase of the optical linear polarization degree along with the increase of the γ-ray flux may imply that the radiation particles are accelerated and the magnetic field is ordered by the shock processes. The nature of 3C 454.3 may be consistent with the SOC system, and thus the γ-ray outbursts are from the plasmoid ejections driven by magnetic reconnection.
Acknowledgements We thank the helpful discussion with Wei Cui, Shuang-Nan Zhang, Yuan Liu, and Da-Bin Lin. This study makes use of radio, optical, and X-ray data from the VLBA-BU Blazar Monitoring
Program (VLBA-BU-BLAZAR; http://www.bu.edu/blazars/VLBAproject.html), funded by NASA through the Fermi and Swift Guest Investigator Programs. This research has made use of data from the OVRO 40-m monitoring program (Richards, J. L. et al. 2011, ApJS, 194, 29) which is supported in part by NASA grants NNX08AW31G, NNX11A043G, and NNX14AQ89G and NSF grants AST-0808050 and AST-1109911. (c) Fig. 3 Distributions of FWHM, L peak , and E γ of these Gaussian components in Figure 2 . The 15 GHz data are from the OVRO 40 m radio telescope. for the γ-ray flares. They are fitted with a power-law function, and the derived slopes are α E = 1.46 ± 0.02, α L = 1.54 ± 0.08, and α T = 2.28 ± 0.05, respectively. 
